The CSH1 gene product is the first protein implicated to affect the phenotype of cell surface hydrophobicity in Candida albicans. Ablation of expression of CSH1 resulted in a 75% loss of the cell surface hydrophobicity (CSH) phenotype. When the C. albicans csh1 knockout derivative was cultured from frozen stocks, it had reacquired CSH levels similar to the parent strain and isogenic reintegrant in the absence of Csh1p re-expression through an unknown mechanism. Prior to reacquisition of CSH, the knockout was less adherent to fibronectin than the parent. Comparison of the csh1 knockout and CSH1 reintegrant in a hematogenous dissemination model allows analysis of Csh1p contribution to virulence using matched strains with similar levels of CSH. No statistical significance between the knockout and reintegrant was found in virulence based on median day of survival, although a reproducible delay in onset of lethal infection for the knockout was observed. A modest difference in mucosal colonization in a vaginal infection model was also observed between the knockout and reintegrant. The present study demonstrates that Csh1p contributes to virulence of C. albicans in mice, but other gene products also contribute to the CSH phenotype and virulence.
Introduction
Expression of cell surface hydrophobicity (CSH) by Candida albicans enhances virulence [1] . The mechanisms by which CSH modulates virulence appear myriad. Hydrophobic cells compared to hydrophilic cells are more adherent to epithelial and endothelial cells as well as extracellular matrix proteins and are more resistant to phagocytic killing [1] [2] [3] [4] [5] [6] [7] [8] . Hyphae, which have been shown to enhance virulence, are also highly hydrophobic while the parent yeast cell may become hydrophilic [9, 10] . Presumably, hyphal hydrophobicity, which is particularly strong at the apical tip [11] , facilitates host cell and tissue penetration.
Despite these associations of CSH with pathogenesis of C. albicans, the biochemical mechanisms responsible for the hydrophobic phenotype have not been fully defined. However, it is clear that surface proteins contribute directly to the CSH phenotype, and that modulation of the hydrophobic phenotype is affected by phosphomannoprotein fibrils extending from the cell wall [12] . That is, C. albicans can appear as either hydrophobic or hydrophilic depending on the fibrillar architecture. As part of our ongoing studies to biochemically define CSH expression, we described the first surface protein, which we have designated Csh1p (also annotated as the IFD4 gene product) to contribute to the CSH phenotype of yeasts [13] . CSH1 is present on chromosome 1 and is a member of seven paralogous genes contained within the C. albicans genome [14] . In our studies, CSH1 has been deleted in C. albicans strain CAI4 (a ura3 D/ura3D derivative of serotype A, wild-type strain SC5314 [15] ). The resultant csh1 knockout strain, herein designated CA-DSH1 (Table 1) , expressed reduced levels of CSH and reduced adhesion to immobilized fibronectin (Fn) in a static assay [13] . A monoclonal antibody (mAb 6C5) to Csh1p blocked adhesion of wild-type hydrophobic cells to immobilized Fn as well as to endothelial cells when yeasts were exposed to physiologic shear forces [2, 16] , further supporting the role of Csh1p in affecting the CSH phenotype. Strain CA-DSH1 expresses minimal levels of immunoreactivity to mAb 6C5 in comparison to the CSH1 reintegrated strain CS-DSH3 [17] and to the parent strain CAI4 [13] , and residual immunoreactivity has been postulated to be the result of partial cross-reactivity of the antibody with CSH1 gene paralogs [17] .
Subsequent to the production of the csh1/csh1 null mutant and prior to CSH1 reintegration, we noted that strain CA-DSH1 recovered the ability to express parental (CAI4 [15] ) levels of CSH when grown at 23-25°C, despite the complete loss of Csh1p expression as determined by western blot analysis probed with mAb 6C5 and by northern analysis. CSH was determined by the hydrophobic microsphere assay [18] . The mechanism of CSH recovery is unknown, but likely involves the expression of multiple hydrophobicity-conferring proteins and indicates the pleiotropic nature of the CSH phenotype. This unexpected recovery of apparently wild-type levels of the hydrophobic surface phenotype afforded us the opportunity to assess the contribution of Csh1p in mediating pathogenesis without the concomitant complicating factor of reduced cell surface hydrophobicity.
Materials and methods

Yeast strains and media
Derivatives (Table 1) of serotype A C. albicans strain CAI4 [15] were grown in 0.67% yeast nitrogen base (Difco) 2% glucose (YNB2G) medium or in 1% yeast extract (Difco), 2% Bacto-peptone, 2% glucose (YPD) at either 23 or 37°C to early stationary phase (26 h post inoculation). C. albicans isolates were subcultured into fresh media three times in this manner for study. Cells grown under these conditions exhibit predominantly the hydrophobic phenotype when grown at less than 30°C, or the hydrophilic phenotype when grown above this temperature.
RT-PCR analysis of URA3 expression in C. albicans
Third passage cultures were used to inoculate fresh medium, and aliquots were removed at various time points following reinoculation. Total RNA was obtained from yeast by extraction with hot phenol as described [17] , quantified by spectrophotometry, and equal amounts of RNA were used as templates for cDNA synthesis using oligo-dT primers and MMLV reverse transcriptase (Invitrogen). Synthesized cDNA was then used as templates for PCR using primer sequences specific for the C. albicans URA3 gene sequence (URA3-for: aaagaaaccaccaccaacc and URA3rev: tccaaccagcatctctatacc) and 18S RNA gene sequence (18S rRNA-F: gccagcgagtataagccttg and 18S rRNA-R: aggcctcactaagccattca) using the following cycle parameters: initial denaturation of 94°C for 3 min; 30 cycles of 94°C for 30 s, 57°C for 30 s, 72°C for 2 min; and a final extension of 72°C for 6 min. PCR products were separated by electrophoresis on 1.5% TAE agarose gels. The NIH-Image program (http://rsb.info.nih.gov/nihimage/Default.html) was used to quantify ethidium bromide stained gel bands by densitometry, and relative band intensities were compared by unpaired T-tests.
Systemic murine challenge
To assess possible differences in virulence, a hematogenous dissemination model was used. Female A/J mice (6-8 week-old) were challenged intravenously (10 mice/ group) with CA-DSH1 (csh1/csh1 knockout) and CA-DSH3 (CSH1 reintegrant) that had been grown in YNB2G at 23°C for 26 h (subsequent to two passages in YNB2G, each incubated at 23°C for 24 h). An inoculum of 10 5 cfu/dose was used and survival was assessed 2-3 times daily. Mice that exhibited symptoms consistent with a moribund behavior were euthanized and time of death was recorded at that point. Relative survival of challenge groups was compared using a Kaplan-Meier log rank test. Animals that survived to the experimental endpoint (typically less than 10% of the animals) were censored from the final statistical analysis.
Vaginal murine challenge
Female CBA/J mice were estrogenized 72 h prior to infection with s.c. injection of estradiol and estradiol 
In vitro adhesion assays
The static adhesion assay was performed as previously described [13] . In brief, yeast cells were allowed to adhere to fibronectin (Fn)-coated tissue culture dishes for 15 min at 37°C, and non-adherent cells were gently washed off in a manner to minimize air-water interface artifacts. Dishes were then overlaid with corn meal agar, and incubated overnight at 30°C for subsequent quantification of colony forming units. The shear force assay was performed as previously described [2] except Fn was coated onto sterile, clean glass capillaries overnight as described elsewhere [16] and the capillaries were then washed five times with assay buffer (DulbeccoÕs phosphate buffer with Mg 2+ and Ca 2+ , pH 7.4). The capillary was placed in-line into a recirculating buffer system and exposed to constant shear force of 2 dynes/cm 2 , and yeast cells were introduced via a sampling port. Adhesion was measured microscopically as yeast foci attached per unit area of capillary after 8 min of incubation.
Results and discussion
Here, we evaluated whether loss of Csh1p results in reduced virulence in a murine hematogenous dissemination model and a murine vaginal candidiasis model without the complication of different CSH levels. Expression of the URA3 gene was at the deleted csh1 locus in strain CA-DSH1 as well as in its isogenic CSH1 reintegrant (CA-DSH3) [17] , which expresses wild-type levels of the Csh1p protein as assessed by Western blot. Comparison of the csh1 deletion derivative and reintegrant expressing URA3 from the same locus in each case circumvents the difficulty in interpreting relative virulence due to differential placement of the URA3 gene [19, 20] .
The original construction of the strain CA-DSH1 preceded that of the reintegration derivative. The initial csh1/csh1 deletion derivative was passaged by serial inoculation on a biweekly basis onto fresh YNB2G plates for an interval of several months, and the CSH phenotype was stably decreased to levels previously reported [13] , however virulence was not addressed at this time. Isolates obtained from frozen stocks of the deletion derivative deposited after this interval demonstrated CSH phenotypes more representative of the parent strain, however they continued to be negative for expression of Csh1p by Western blot. Appearance of the hydrophobic phenotype suggests that the freezing process has selected for a more hydrophobic derivative than was originally isolated.
The URA3+ csh1/csh1 null mutant and reintegrant exhibited similar growth rates in yeast extract-peptoneglucose medium and in phosphate buffered yeast nitrogen base with 2% glucose and similar ability to germinate (data not shown). The strains were equally capable of expression of hydrophobicity and hydrophilicity under different environmental conditions [10] . URA3 gene expression was analyzed by RT-PCR to address the possibility that expression of URA3 might be affected by localization adjacent to the CSH1 gene in the reintegrant. Levels of expression of the URA3 gene relative to expression of the 18S rRNA gene during exponential phase growth (2 and 6 h post-inoculation) indicated that differences in the relative levels were not statistically significant (p-value = 0.21, unpaired T-test; densitometry presented in Table 2 ). When the strains were compared for adhesion to Fn in a static assay, no statistically significant difference was seen (25°C; CA-DSH1-52.1 ± 5.7% binding vs CA-DSH3-57.1 ± 7.9% binding; 37°C; CA-DSH1-40.3 ± 6.2% binding vs. CA-DSH3-44.8 ± 5.1% binding). No difference in adhesion to Fn under physiologic shear forces (ca. 2 dynes/cm 2 ) between the null mutant and reintegrated strains was also seen (25°C; CA-DSH1 59.5 ± 1.2 foci per field counted vs. CA-DSH3 63.0 ± 1.9 foci counted, T-test p-value = 0.142).
These data, when compared to our earlier results with the csh1 deletion derivative show that recovery of CSH in the knock-out results in reestablishment of the ability of cells to bind to Fn. The results also imply that Csh1p is one of perhaps multiple surface hydrophobic proteins that contribute to Fn adhesion.
While some variability was seen (likely due to technical error), both strains were virulent, killing all mice by approximately the same time post-challenge. However, in both challenge experiments death was consistently delayed initially in the mice challenged with the strain lacking Csh1p versus the strain reintegrated with CSH1. Results from two combined experiments are shown in Timepoints refer to the length of time following reinoculation using a stationary phase overnight culture. A similar result was obtained in a single experiment when female CBA/J mice were challenged with the paired csh1/csh1 null mutant and reintegrant (data not shown), however the virulence of these derivatives in this mouse strain background appeared to be partially attenuated relative to C. albicans strain 3153A. When CBA/J mice were challenged intravaginally with either strain, no statistically significant differences in subsequent organism burden in vaginal tissue was seen at day 4 estrogenized either once or twice (onetailed t-test; p values between 0.15 and 0.21), although there is a consistent increase in the number of organisms recovered from animals infected with the reintegrant strain as seen in Fig. 2 . Germination within the vaginal mucosa also appeared similar between the two strains (data not shown). Colonization of the vaginal mucosa by a genetically unrelated type strain of C. albicans ( Fig. 2; strain 3153A ) is more robust, and demonstrates the significant effect of strain background on interpretation of virulence studies. These results suggest that Csh1p is one of multiple CSH proteins that influences virulence of C. albicans in a hematogenous dissemination model but not in a vaginitis model. Abrogation of Csh1p expression causes a moderately statistically significant (using a traditional p-value of <0.05) reduction of virulence as defined by length of survival. Given that the csh1/csh1 null mutant and the CSH1 reintegrant expressed parental levels of CSH, it is possible the loss of Csh1p is compensated, although not fully, by other CSH proteins to mediate wild type levels of virulence. Whether these proteins are upregulated members of the CSH1 paralog family or are an unrelated set of proteins is under investigation. It is known that no other proteins significantly reactive with mAb 6C5 are differentially expressed in the csh1/ csh1 knockout. Nevertheless, the fortuitous observation that the knockout reacquired CSH allowed for the evaluation of CSH1 and Csh1p in a matched control setting relative to the presence of CSH compared with the reintegrant. Taken together, these results suggest that while Csh1p appears to influence CSH-mediated virulence, ablation of expression of other CSH-conferring genes will be required before the role of CSH in virulence can be more definitively assessed. Fig. 1 . Disseminated hematogenous challenge of csh1/csh1 knockout (squares) and reintegrant (triangles) in mice. Female AJ mice (6 weekold) were challenged with 1 * 10 5 cfu live organisms via injection into the lateral tail vein, and monitored for development of disease. The figure combines two independent experiments (10 animals in each challenge group). Animals that survived to the experimental endpoint were censored from the statistical analysis and are not depicted in the figure; strain CA-DSH1, 2 animals censored; strain CA-DSH3, 1 animal censored. Fig. 2 . Quantification of vaginal challenge of csh1/csh1 knockout (CA-DSH1), its isogenic reintegrant (CA-DSH3), and a type strain control C. albicans isolate (3153A) in CBA/J mice estrogenized either once or twice prior to infection. Fungal burden was determined following lavage with sterile buffer at 4 days and 10 days post-infection, and CFU means were compared by unpaired T-tests.
